When subjected to low oxygen stress, plants accumulate alanine and c-aminobutyric acid (GABA). To investigate the function of GABA metabolism under hypoxia and its contribution to alanine accumulation, we studied the genes that encode the two key enzymes of the GABA shunt, glutamate decarboxylase (GAD) and GABA transaminase (GABA-T). Among the five homologous GAD genes found in Arabidopsis thaliana, GAD1 expression was predominantly found in roots, while GAD2 expression was evident in all organs. Expression of the other three GAD genes was generally weak. In response to hypoxia, transcriptional induction was observed for GAD4 only. For GABA-T1, its expression was detected in all organs, but there was no significant transcriptional change under hypoxic conditions. Moreover, we have isolated and characterized Arabidopsis mutants defective in GAD1 and GABA-T1. In gad1 mutants, GAD activity was significantly reduced in roots but was not affected in shoots. In the gaba-t1 mutant, GABA-T activity was decreased to negligible levels in both shoots and roots. These mutants were phenotypically normal under normal growth conditions except for the reduced seed production of the pop2 mutants as described previously. However, metabolite analysis revealed significant changes in GABA content in gad1 and gaba-t1 mutants. The levels of alanine under hypoxic conditions were also affected in the roots of gad1 and gaba-t1 mutants. The partial inhibition of the hypoxia-induced alanine accumulation in roots of these mutants suggests that the GABA shunt is, in part, responsible for the alanine accumulation under hypoxia.
Introduction
When soil is flooded for a prolonged period, plant roots suffer from the depletion of soil oxygen, causing plants to face several challenges for survival. Root damage incurred by oxygen deficiency is mainly due to the inhibition of oxidative phosphorylation and cytoplasmic acidosis (Drew 1997, Vartapetian and Jackson 1997) . To cope with these problems, plants induce the expression of anaerobic proteins (ANPs) and initiate ethanol and lactate fermentation to maintain ATP synthesis under oxygen-limiting conditions (Sachs et al. 1980 , Sachs et al. 1996 . The accumulation of certain amino acids is another well known response of plants to low oxygen stress (Reggiani and Bertani 2003) . Alanine and g-aminobutyric acid (GABA) are the two major amino acids synthesized under hypoxic stress conditions and can account for a significant portion of the free amino acid pool in hypoxically stressed tissues (Streeter and Thompson 1972 , Reggiani et al. 1988 , Fan et al. 1997 , Sato et al. 2002 , Sousa and Sodek 2003 . Therefore, it has been suggested that the accumulation of amino acids is a defense mechanism against oxygen deficiency. In fact, the regulation of cytoplasmic pH by glutamate decarboxylase (GAD; EC 4.1.1.15) has been proposed since GABA synthesis by GAD consumes a proton, and its activity is stimulated in acidic conditions (Streeter and Thompson 1972 , Bown and Shelp 1997 , Shelp et al. 1999 . Moreover, the production of alanine and GABA was suggested as an important adaptive mechanism to store the carbon and nitrogen that would otherwise be lost under oxygen-deficient conditions (Sato et al. 2002 , Ricoult et al. 2005 . The role of these amino acids in the maintenance of the osmotic potential in the stressed tissues may also be important to counteract the rapid fall of cellular carbohydrate levels (Reggiani et al. 1988 , Aurisano et al. 1995a , Reggiani et al. 2000 . However, the ameliorating effect of alanine and GABA accumulation has not been demonstrated in vivo, so the purpose of this metabolic adaptation remains to be elucidated.
The pathway of GABA metabolism involves several steps and enzymes, and the route for the glutamate carbon to enter the tricarboxylic acid cycle (TCA cycle) is called the GABA shunt (see Fig. 1 ; for a review, see Shelp et al. 1999 . Generally, GABA is synthesized from glutamate in a reaction catalyzed by GAD. GABA synthesis is stimulated by oxygen deprivation since Ca 2þ / calmodulin-dependent activity of GAD increases as low oxygen stress elevates the concentration of cytosolic Ca 2þ . GABA transaminase (GABA-T; EC 2.6.1.19) catalyzes the conversion of GABA to succinic semialdehyde (SSA), simultaneously producing alanine from pyruvate. SSA is then oxidized to succinate by succinic semialdehyde dehydrogenase (SSADH; EC 1.2.2.16) under normoxic conditions, thereby completing the GABA shunt pathway. However, SSA can also be reduced to g-hydroxybutyrate (GHB) by g-hydroxybutyrate dehydrogenase (GHBDH; EC 1.1.1.61) under conditions of low oxygen stress , Breitkreuz et al. 2003 . In terms of the alanine accumulation under hypoxia, it has been thought that alanine aminotransferase (AlaAT; EC 2.6.1.2) was responsible for the synthesis of the accumulated alanine. This hypothesis is consistent with the rapid induction of AlaAT under hypoxic conditions (Good and Crosby 1989 , Good and Muench 1992 , Muench and Good 1994 . However, the metabolic phenotype of the Arabidopsis AlaAT1 mutant (alaat1-1) demonstrated that AlaAT activity was not necessary for the alanine accumulation under hypoxia. In fact, alanine accumulation proceeded at a faster rate in the roots of alaat1-1 despite the nearly complete loss of AlaAT activity in the mutant roots (Miyashita et al. 2007 ). Characterization of alaat1-1 indicated that AlaAT1 primarily catalyzes the breakdown of the accumulated alanine during recovery from hypoxic conditions (Miyashita et al. 2007 ). This indicated the presence of other mechanism(s) responsible for the hypoxia-induced alanine accumulation. Streeter and Thompson (1972) investigated whether the GABA-T reaction contributes to the accumulation of alanine, but concluded that this reaction is inhibited under anaerobic conditions and does not play a role in the hypoxia-induced alanine accumulation. They reported no detectable levels of SSA, a slowed rate of [ 14 C]GABA metabolism and the decrease in GABA-T activity under anaerobic conditions as the supporting evidence for their conclusion (Streeter and Thompson 1972) . However, recent reports of GHB accumulation in anaerobically stressed plant tissues , Breitkreuz et al. 2003 suggest that GABA-T is operative under oxygen-deficient conditions. Therefore, the GABA-T reaction needs to be re-examined for its involvement in the alanine accumulation under hypoxia.
In these experiments, we studied the five homologous GAD genes and GABA-T1 in Arabidopsis to elucidate the function of GABA metabolism under oxygen-limiting conditions. Furthermore, we isolated and characterized Arabidopsis GAD1 and GABA-T1 mutants to investigate the roles of these enzymes under oxygen-deficient conditions and to assess the potential for the GABA-dependent alanine production under hypoxia. The inhibitory effects on the hypoxia-induced alanine accumulation observed in these mutants demonstrated that the operation of the GABA shunt contributes to alanine accumulation in the roots of Arabidopsis.
Results

GAD and GABA-T genes and their expression in Arabidopsis
In Arabidopsis, two cDNAs encoding GAD (GAD1, At5g17330; GAD2, At1g65960) have been cloned and characterized previously (Turano and Fang 1998) . Subsequently, the whole-genome search for other GAD genes has identified three other putative GAD genes (GAD3, At2g02000; GAD4, At2g02010l GAD5, At3g17760), constituting a small gene family of five Arabidopsis GAD homologs (Shelp et al. 1999 ). For GABA-T, only one gene (GABA-T1, At3g22200) has been identified in Arabidopsis (Van Cauwenberghe et al. 2002) . For the specificity of the transamination catalyzed by GABA-T, the recombinant Arabidopsis GABA-T1 expressed in Escherichia coli showed catalytic activity with only pyruvate, although both pyruvate-and 2-oxoglutarate-dependent GABA-T activities have been detected in plants (Van Cauwenberghe et al. 2002) . In Arabidopsis, 2-oxoglutarate-dependent GABA-T activity was not detected (data not shown, Van Cauwenberghe et al. 2002) , so the identity of the enzyme catalyzing the 2-oxoglutarate-dependent GABA-T reaction is unclear.
In the present study, we analyzed the expression of the genes encoding GABA-T and GAD in various organs of Arabidopsis using quantitative real-time reverse transcription-PCR (RT-PCR) (Fig. 2) . For GABA-T1, the transcript of GABA-T1 was detected at varying levels in all organs tested, with somewhat higher levels of expression in flowers, siliques and entire shoots of young seedlings than in the other organs ( Fig. 2A) . Of the GAD genes, GAD2 expression was nearly constitutive at relatively high levels in all organs tested, except for the slightly lower expression in siliques, whereas GAD1 expression was predominantly found in roots, with lower expression in shoots of young seedlings and minuscule expression in the other organs (Fig. 2B) . The expression of the other three GAD genes was generally weak in all organs except for the expression of GAD4 and GAD5 in flowers (Fig. 2B) . The observed expression patterns for GAD1 and GAD2 were similar to previous expression studies which showed the root-specific expression of GAD1 and the strong expression of GAD2 in roots, young leaves and flowers, but not in siliques (Turano and Fang 1998 , Zik et al. 1998 ). In addition, AtGenExpress microarray data (Schmid et al. 2005) generally support our results for the expression of the five GAD genes (data not shown). Based on these expression data, it appears that GAD1 and GAD2 are the most highly expressed genes among the five Arabidopsis GAD homologs under normal growth conditions.
Transcriptional modulation in response to hypoxia
To study the induction of GAD and GABA-T1 genes under low oxygen stress conditions, we monitored the expression of these genes by quantitative real-time RT-PCR using the total RNA extracted from roots of 17-day-old plants treated for various periods of hypoxia (5% O 2 ). For the control of the experiment, the expression of a well-characterized hypoxia-inducible gene, ADH1 (alcohol dehydrogenase 1; Dolferus et al. 1994) , was also analyzed. Results showed the rapid induction of ADH1 expression under hypoxic conditions (Fig. 3A) , and this confirmed that the plant samples used in this experiment were experiencing hypoxia. In contrast, the expression of GABA-T1 was not significantly affected by the hypoxic treatment (Fig. 3B) . It appeared that there was a slight decrease in GABA-T1 expression at 2 h after the onset of the stress; however, this decrease was not statistically significant due to the large variance found in the untreated control (0 h). For the five homologous GAD genes, different responses of the expression of the five GAD genes to the hypoxic conditions were observed. For instance, GAD2 expression was gradually repressed during the stress treatment (Fig. 3C ). This repression did not occur during the initial phase of the hypoxia but became evident at the subsequent time points in which the transcripts levels were diminished to approximately half and a quarter of the level compared with the untreated control after 8 and 24 h of hypoxia, respectively (Fig. 3C) . Conversely, the expression of GAD4 was found to be highly inducible by the hypoxic stress treatment. 
Succinic semialdehyde (SSA) Succinate TCA cycle Alanine Pyruvate At2g02000 (GAD3) At2g02010 (GAD4) At3g17760 (GAD5) Fig. 1 Schematic representation of the GABA shunt in Arabidopsis. GAD, glutamate decarboxylase; GABA-T, g-aminobutyric acid transaminase; GHBDH, g-hydroxybutyrate dehydrogenase; SSADH, succinic semialdehyde dehydrogenase. The locus numbers shown are for the Arabidopsis genes encoding the corresponding enzymes.
In fact, GAD4 expression increased approximately 3-, 19-and 13-fold after 2, 8 and 24 h of hypoxia, respectively (Fig. 3C) . Thus, GAD4 appeared to be the most highly expressed gene among the five GAD homologs after 8 and 24 h of stress treatment. As regards GAD1, its expression was maintained at a level similar to the untreated control throughout the hypoxic treatment (Fig. 3C ). The transcripts of the other two GAD genes, GAD3 and GAD5, were nearly undetectable throughout the time course of this experiment (Fig. 3C ).
Isolation and characterization of Arabidopsis gaba-t1 and gad1 mutants
The Salk T-DNA insertion lines (Alonso et al. 2003) were obtained from the Arabidopsis Biological Resource Center (ABRC) and screened for gaba-t1 and gad1 mutants. The screen resulted in the isolation of one mutant (gaba-t1-1) containing T-DNA in GABA-T1 and three mutants each containing T-DNA in GAD1 ( Fig. 4A , C; gad1 mutants identified in this study were designated as gad1-4, gad1-5, gad1-6 as there has been a report of other gad1 mutants, see . The sites of the T-DNA insertions in each mutant were verified by sequencing the PCR products flanking the insertion junctions (data not shown). The previously characterized GABA-T mutants, pop2-1 and pop2-3 (Palanivelu et al. 2003) , were also used in this study. RT-PCR analysis showed the absence of the functional transcripts of GABA-T1 and GAD1 in each corresponding mutant, except for pop2-1 which carries a point substitution (Fig. 4B, D) . Reduction of the enzyme activity was also confirmed by assaying the activity of the corresponding enzymes in the roots and shoots of 17-day-old plants grown on liquid 0.5Â MS medium. For GABA-T, the activity was reduced to nearly negligible levels in each mutant in both shoots and roots (Fig. 5A) . Moreover, the absence of GABA-T activity in the gaba-t1 mutants was demonstrated by the inability of these mutants to grow on the media containing GABA as the sole nitrogen source (data not shown). This indicated that the mutants cannot mobilize and utilize the amino N of GABA for growth. GAD activity in the roots of gad1 mutants was reduced to 20-25% of the activity found in the roots of wild-type plants, while the reduction in the shoots of the mutants was not significant (Fig. 5B ). These results indicate that the GAD activity in the roots of Arabidopsis results largely from GAD1 expression. Considering the strong expression of GAD2 and very weak expression of the other three GAD genes (Fig. 2B ), the remaining activity is presumably due to GAD2. Also, GAD2 expression is probably responsible for most of the activity found in the shoots of Arabidopsis. This is supported by the weak expression of the other four GAD genes in shoot tissues and by the similar GAD activity found in the shoots of gad1 mutants and wild-type plants (Fig. 5B ). The clear reduction in GAD activity in the roots of gad1 mutants allowed us to study the role of GAD in the roots of Arabidopsis.
In terms of the phenotypes of the gaba-t1 and gad1 mutants, we did not observe any abnormalities in growth and development when these mutants were grown on soil and on 0.5Â MS medium under normal growth conditions, except for the reduced seed production in the pop2 mutants as described previously (Palanivelu et al. 2003) . In order to investigate whether the defect in GABA metabolism affects the tolerance of plants to oxygen deficiency, we subjected 7-day-old seedlings to anoxic conditions for up to 36 h and scored the survival of the treated seedlings. In one experiment, the gad1 mutants looked more susceptible to anoxic conditions; however, this phenotype could not be repeated in two other independent experiments (data not shown). The gaba-t1 mutants behaved much like wild-type plants under anoxic stress. Thus, the role of GABA and its metabolism in anaerobic stress tolerance was not demonstrated in this study.
Changes in metabolite levels during hypoxic stress conditions
To study the function of GABA-T and GAD under low oxygen conditions, we treated 17-day-old plants with various time periods of hypoxia (5% O 2 ) and compared the levels of metabolites in gaba-t1 and gad1 mutants with those in the corresponding wild-type lines. The levels of GABA in the roots of gaba-t1 mutants were invariably higher than those in roots of wild-type plants, and GABA accumulation during the hypoxic treatments was observed in gaba-t1 mutants but not in wild-type plants (Fig. 6 ). The elevation of GABA levels was also detected in the shoots of gaba-t1 mutants during hypoxic treatments (Fig. 6) . The increase of GABA in the gaba-t1 mutants can be explained by the inhibition of the conversion of GABA to SSA as the result of the loss of GABA-T activity. A similar metabolic phenotype has been observed previously in pop2 mutants where the GABA contents in leaves were several-fold higher than those in the leaves of wild-type plants (Palanivelu et al. 2003) . In addition, alanine accumulation occurred in the roots of both gaba-t1 mutants and wild-type plants at a similar rate during the initial phase of hypoxia; however, the levels of accumulated alanine were lower in gaba-t1-1 and pop2 mutants than those in corresponding wild-type plants at 24 h after the onset of the hypoxic treatments (Fig. 6) . In shoots, alanine accumulation occurred with no difference in the levels of the accumulated alanine between gaba-t1 mutants and wild-type plants (Fig. 6 ). These data suggest that GABA-dependent alanine production catalyzed by GABA-T contributes to the hypoxia-induced alanine accumulation in the roots but not in the shoots of Arabidopsis. For gad1 mutants, reduced GABA levels and elevated glutamate levels were detected in the roots of gad1 mutants compared with the levels of these metabolites in wild-type plants (Fig. 7) . This metabolic phenotype in gad1 mutants was similar to that of the previously characterized gad1 mutants ). Moreover, the alanine accumulation under hypoxia was reduced in the roots of gad1 mutants compared with that in wild-type plants at 24 h after the onset of the hypoxic treatments (Fig. 7) . In the shoots of gad1 mutants, the levels of metabolites were generally similar to those in the shoots of wild-type plants (Fig. 7) . Therefore, the metabolite analysis of gad1 mutants supports the conclusion that GABA metabolism is operative and contributes to alanine production in roots but not in shoots under low oxygen conditions. However, the GABA-T reaction appears to be responsible for only a portion of alanine synthesized in roots during hypoxic conditions, and other mechanism(s) are probably responsible for the rapid alanine accumulation in roots during the initial phase of hypoxia and for the alanine accumulation in shoots.
As a control experiment, we measured the metabolite levels in the plants kept in the dark under aerobic conditions since the hypoxic treatments were done in the dark (to avoid generation of oxygen by photosynthesis). The results showed no significant changes in the levels of metabolites under the dark aerobic conditions except the increase of alanine observed in the shoots of pop2-3 and its corresponding wild-type plants (data not shown). These results demonstrate that the observed changes in the metabolite levels are mainly due to the exposure of the plants to hypoxic stress conditions. Also, the different metabolite levels and metabolic changes among the Arabidopsis lines of distinct backgrounds observed in this study are consistent with previous studies showing differences in the metabolic profiles in different ecotypes (Fiehn et al. 2000 , Boucheé t al. 2004 ).
Discussion
To investigate the function of GABA metabolism under low oxygen stress conditions, we have studied the expression of the genes encoding the enzymes of the GABA shunt, GABA-T and GAD, and characterized the mutants defective in these genes. The focus of this study was to examine GABA metabolism under hypoxic conditions and to re-assess the possibility of the hypoxically induced synthesis of alanine through the GABA-T reaction by analyzing gaba-t1 and gad1 mutants.
To study the function of the GABA shunt, we measured the transcript levels of GABA-T1 and the five homologous GAD genes in various organs of Arabidopsis. Moreover, the changes in the transcript levels of these genes under hypoxic conditions were monitored in the roots of hypoxically stressed plants. For GABA-T1, its expression was detected in all organs, and was slightly repressed during hypoxic treatments (Figs. 2A, 3B ). This expression pattern was similar to that seen in the AtGenExpress microarray data (Schmid et al. 2005 ) and the microarray data prepared from hypoxically treated plants (Loreti et al. 2005) . Since GABA-T1 expression was detected in virtually all organs/ tissues, the GABA-T activity seems to be universally present in plant tissues. However, the similar levels of GABA-T activity in both roots and shoots of wild-type lines (Fig. 5A) suggest the preferential translation of GABA-T1 transcripts or the increased stability of GABA-T protein in roots because GABA-T1 transcript levels were significantly higher in shoots than in roots ( Fig. 2A) . For the involvement of GABA-T in other aspects of plant development, the induction of the rice GABA-T gene, Osl2, was observed in senescing leaves, indicating the potential role of the GABA shunt in C/N metabolism during the senescence process (Ansari et al. 2005) . Supporting this role of GABA metabolism during senescence, the up-regulation of Arabidopsis GABA-T1 during senescence was also found using the Genvestigator Response Viewer (Zimmermann et al. 2004 ). For the expression of the GAD genes, quantitative real-time RT-PCR allowed us to measure separately the abundance of each GAD transcript, although quantifying the expression of genes that exist in multiple copies in a genome is often difficult by hybridization-based tests. It should be noted that microarray analyses using the Affymetrix ATH1 array were not able to distinguish the transcripts of GAD3 and GAD4 due to the high sequence identity between the two transcripts, and thus identical expression values were given for both GAD3 and GAD4. In the present study, we have confirmed the predominant expression of GAD1 in roots and the nearly constitutive expression of GAD2 as previously described ( Fig. 2B ; Turano and Fang 1998 , Zik et al. 1998 ). The expression of GAD1 in roots was also confirmed by analyzing the expression of reporter genes under the control of the GAD1 promoter ). For the other three GAD genes, the expression of GAD4 and GAD5 was detected only in flowers, and that of GAD3 was negligible in all tissues tested (Fig. 2B) . In response to hypoxic stress conditions, up-regulation was observed for GAD4 only (Fig. 3C ). In the previously conducted microarray experiments investigating the transcriptional changes during low oxygen conditions, this strong induction of GAD4 was not observed (BrancoPrince et al. 2005 , Liu et al. 2005 , Loreti et al. 2005 . In these microarray experiments, RNA samples were prepared from whole seedlings, whereas we used RNA extracted from the roots of hypoxically treated plants since roots are the tissues most frequently subjected to low oxygen stress in the natural environment. Whether the difference in the samples analyzed caused the observed discrepancy in the induction of GAD4 remains uncertain. Also, interesting induction patterns for GAD3 and/or GAD4 (not distinguished by the microarray) were found by the Genvestigator Response Viewer (Zimmermann et al. 2004) , where the expression of these genes was shown to be highly up-regulated by several biotic and abiotic stresses such as treatments with Botrytis cinerea, AgNO 3 , cycloheximide, hydrogen peroxide, ozone, syringolin, salt stress and cold stress. Since the induction of a stress-inducible gene by several different stress treatments is a common phenomenon, GAD4 appears to be the primary GAD gene induced by these stresses. With respect to the induction of GAD activity during the early stage of oxygen deprivation or temporal anaerobiosis, the biochemical induction of GAD by Ca 2þ /calmodulin or by decreased cytoplasmic pH (Ling et al. 1994 , Aurisano et al. 1995b , Snedden et al. 1995 , Zik et al. 1998 ) appears more important than the transcriptional induction of GAD4 since the biochemical activation of GAD can instantly initiate GABA synthesis upon exposure to low oxygen stress. Supporting this notion, no increase in GAD activity was detected in either wild-type or gad1 mutant plants during hypoxic stress conditions (data not shown). GAD activity in roots of gad1 mutants remained approximately 20-25% of the activity found in roots of wild-type plants after 24 h of hypoxic treatment. The effect of the up-regulation of GAD4 on the GAD activity may become important when subjected to more prolonged oxygen deficiency.
In terms of the physiological role of GABA metabolism under low oxygen conditions, we could not demonstrate the ameliorating effect of GABA accumulation against oxygen deprivation because neither gaba-t1 nor gad1 mutants showed increased susceptibility to low oxygen stress. Nonetheless, the metabolic phenotypes observed in gaba-t1 mutants indicate that the increased GABA synthesis occurs under hypoxic conditions although the actual increases in the GABA content in wild-type lines were small in our experiment. Thus, the involvement of GAD in the regulation of cellular pH appears a plausible hypothesis, but estimating the extent of the contribution of GAD to counteract the fall in cellular pH was not done in this study as it requires the use of mutants completely lacking GAD activity and a non-destructive monitoring of cellular pH during oxygen deprivation. Furthermore, GABA accumulation may proceed better under strict low oxygen conditions than under relatively moderate hypoxic conditions (5% O 2 was used in our experiments), since the increases in the GABA content were more evident in both shoots and roots of the anoxically treated plants (data not shown). In terms of the GABA synthesized under low oxygen conditions, it may accumulate in the stressed tissues or be converted to SSA by GABA-T, transferring its amino group to pyruvate to form alanine. Although it has been suggested that the latter reaction does not proceed readily under oxygen-deficient conditions (Streeter and Thompson 1972) , our results provide evidence for the GABA-dependent alanine synthesis in roots under hypoxia. It should be noted that the defect in the GABA shunt pathway (the loss of either GAD or GABA-T) affected the alanine accumulation only in roots but not in shoots of Arabidopsis. The increased GABA accumulation in the shoots of gaba-t1 mutants (pop2-1 and gaba-t1-1) suggests that at least some of the GABA produced in the shoots of the wild-type plants is actively metabolized by GABA-T under hypoxic conditions (Fig. 6) . However, why the hypoxia-induced alanine accumulation was affected only in roots is not clear at this point. Also, SSA produced by the GABA-T reaction is likely to be converted to GHB under low oxygen conditions, supported by the detection of GHB in anaerobically stressed plant tissues , Breitkreuz et al. 2003 ). This in turn explains the undetectable levels of SSA in the study conducted by Streeter and Thosmpson (1972) . Furthermore, it appears that the hypoxia-induced alanine accumulation in roots can be divided into two phases, the initial rapid build-up (during the first 4 h of hypoxia) and the subsequent slow increase (beyond 4 h of hypoxia). In our experiments, the initial phase of the rapid alanine accumulation was not impaired; only the later phase of the slow accumulation was partially inhibited in gaba-t1 and gad1 mutants (Figs. 6, 7) . These results suggest that the GABA shunt is probably responsible for the slow phase of the alanine accumulation in roots.
As to the physiological role of the GABA shunt, phenotypes observed in the mutants deficient in the enzymes of the pathway indicate the involvement of GABA metabolism in several physiological and developmental phenomena in plants. For instance, characterization of the GABA-T-deficient mutant, pop2, has revealed the key role of the GABA concentration gradient in pollen tube growth and guidance (Palanivelu et al. 2003 ). In addition, the inability of gaba-t1 mutants to grow on the GABAsupplemented media demonstrated that plants can utilize GABA as an alternative N source when inorganic N is absent (data not shown). This substantiates the involvement of the GABA shunt in N metabolism and the potential role of GABA as N storage. On the other hand, the loss of SSADH activity resulted in the accumulation of reactive oxygen intermediates (ROIs) and the hypersensitivity to environmental stresses such as UV-B light and heat stress (Bouche´et al. 2003) . Interestingly, treating the SSADH-null mutants (ssadh) with a specific GABA-T inhibitor prevented the accumulation of ROI and GHB in the ssadh mutants, inhibited cell death and improved growth (Fait et al. 2005) . These studies indicate the essential role of the GABA shunt in preventing ROI accumulation and cell death; however, the phenotype of ssadh mutants may depend on the accumulation of certain metabolites of the pathway (GHB or SSA). In contrast, the reduction in GAD activity caused by mutations in GAD1 resulted in changes in metabolite levels in roots but did not result in any morphological defects or developmental abnormalities (this study, Bouche´et al. 2004 ). This can be explained by the potential redundant functions of the homologous GAD genes in Arabidopsis. Conversely, the expression of the truncated GAD lacking the calmodulin-binding domain in tobacco and rice resulted in extremely high levels of GABA and severe growth abnormalities, such as dwarfism and the failure of cortex parenchyma to elongate (Baum et al. 1996, Akama and Takaiwa 2007) . As seen in the cases of the previously mentioned mutants and transgenic plants, there seems to be no common phenotype caused by the alteration of the GABA shunt. Since the observed phenotypes may be controlled by changes in the levels of certain metabolites in the pathway (often GABA), a better understanding of the function of each metabolite is essential in interpreting the phenotypes observed in the GABA shunt-deficient mutants and elucidating the physiological role of the pathway in plants.
Materials and Methods
Plant materials and plant growth conditions
Arabidopsis plants of , Landsberg erecta (L. er) and Wassilewskija (Ws) ecotypes were used in this study. The Salk T-DNA mutant lines (ecotype: Col-0), Salk_007661 (gaba-t1-1), Salk_047648 (gad1-4), Salk_082173 (gad1-5), Salk_022227 (gad1-6), and the previously characterized GABA-T-deficient mutants, pop2-1 (ecotype: L. er) and pop2-3 (ecotype: Ws) (Palanivelu et al. 2003) , were obtained from ABRC. The mutant plants homozygous for the T-DNA insertions were isolated from the obtained seed stocks using the PCR screening scheme described at the Salk institute web page (http:// signal.salk.edu.).
Arabidopsis plants were typically grown in potting mixture, MetroMix 220 (Scotts Co., Marysville, OH, USA), or in 0.5Â MS medium (1% sucrose) at 22-238C and at approximately 150 mmol m À2 s À1 light on a 16 h light/8 h dark cycle unless otherwise indicated. The soil-grown 40-day-old plants were used to harvest flower, silique, stem and rosette leaf tissues for the gene expression study.
In order to collect shoot and root tissues, Arabidopsis plants were also grown semi-hydroponically as described previously (Miyashita et al. 2007) . Briefly, seeds were surface-sterilized with full-strength commercial bleach for 10 min and sown on nylon mesh which was placed on top of 0.5Â MS medium (1% sucrose and 0.4% agar). After 2 d of stratification at 48C, seeds were allowed to germinate and to grow for 10 d under the standard growth conditions described above. These 10-day-old seedlings growing on nylon mesh were then transferred to liquid 0.5Â MS medium (1% sucrose) for an additional 7 d of growth. The shoot and root tissues harvested from these 17-day-old plants were used for RNA, protein and metabolite extractions.
To assess the ability of Arabidopsis plants to utilize GABA as a nitrogen source, plants were grown on nitrogen-free 0.5Â MS medium (1.0% sucrose and 0.6% agar) supplemented with 10 mM GABA. Typically, seeds of gaba-t1 mutant lines were co-plated with their corresponding wild-type lines. Pictures of the plants growing on GABA-supplemented plates were taken after 2 weeks of growth under the standard conditions described above.
Hypoxic treatment and anoxia survival test
For the hypoxic treatment, 17-day-old plants grown semihydroponically were used. The hypoxic treatments were carried out as described previously (Miyashita et al. 2007) . Briefly, the liquid 0.5Â MS medium on which plants were grown for 7 d was replaced with new liquid 0.5Â MS medium that had been gassed with 5% oxygen gas (balanced with nitrogen) for 15 min. After exchanging the liquid medium, plates were stacked in anaerobic jars. The anaerobic jars were then flushed with 5% oxygen gas for an additional 15 min and left in the dark for the duration of the treatments (for analysis of the transcriptional induction, 2, 8 and 24 h; for metabolite assays; 4, 24 and 48 h). In addition, untreated plants were used as the 0 h hypoxia control. The shoot and root tissues harvested from the untreated and hypoxically treated plants were flash-frozen in liquid nitrogen and used to measure the changes in the levels of transcripts, enzyme activities and metabolites. Also, as a control experiment, plants kept in the dark under aerobic conditions for the same duration as the hypoxic treatments were used to demonstrate that the changes in the metabolites were caused by the hypoxic treatments. Also, the anoxia survival test was performed as described previously (Ellis et al. 1999) to assess the anaerobic tolerance of the mutants and their corresponding wild-type lines.
RT-PCR and quantitative real-time RT-PCR analyses
RNA extraction, DNase treatment and first-strand cDNA synthesis were performed as described (Miyashita et al. 2007 ). For the RT-PCR analysis to demonstrate the absence of the corresponding transcripts in gaba-t1 and gad1 mutant lines, amplifications were performed with the synthesized cDNA as templates and with the following gene-specific primers: GABA-T1, 5 0 -GCATGTCTGGGAACTCCACT-3 0 and 5 0 -AGGCAAACGC TTTAACTCCA-3 0 ; GAD1, 5 0 -TTCAAGATGCCGGAAAAC TC-3 0 and 5 0 -TCCTTCCCTTAGGACGATCA-3 0 ; and b-tubulin (see Kang and Singh 2000) .
For quantitative real-time RT-PCR, PCR and SYBR Green detection were performed on a light cycler ABI Prism 7000 (Applied Biosystems). Each reaction was performed in triplicate, and the specific amplification of the target was checked with a heat dissociation protocol (60-958C) after the completion of the PCR. Gene-specific primers for real-time RT-PCR were designed to amplify 125-150 bp sequences found in the coding regions near the 3 0 end of each gene: GABA-T1, 5 0 -CAGGTGATGGCATTTTGA TG-3 0 and 5 0 -ACTTCTTGTGCTGAGCCTTGA-3 0 ; GAD1, 5 0 -TT CTTCACCGTGACCATCAA-3 0 and 5 0 -CGCTGAGAGACTTG TGATCG-3 0 ; GAD2, 5 0 -CCATCAGAATCTCCTTCTCCA-3 0 and 5 0 -ACACTCGCGGAGAGACTTGT-3 0 ; GAD3, 5 0 -GCCAAGAT GGCTAGTGGAAA-3 0 and 5 0 -GGTAATACTTGCTACTAACG GAACG-3 0 ; GAD4, 5 0 -GTTCACGCCAAGATGGCTAA-3 0 and 5 0 -GCAAATTGTGTTCTTGTTGGTC-3 0 ; GAD5, 5 0 -CGAGGCC TTGCAGATAGACT-3 0 and 5 0 -GGACATCTTGGCAGTCTTC AC-3 0 ; and ACT2, 5 0 -TATCGCTGACCGTATGAGCA-3 0 and 5 0 -TTACCTGCTGGAATGTGCTG-3 0 . The amplified fragments were cloned into pCR2.1-TOPO vector (Invitrogen). To quantify the transcripts of each gene, the copy numbers of each target were determined by the standard curve constructed using the diluted plasmid samples. The determined copy numbers of each transcript were then normalized against the copy numbers of ACT2 transcripts. The transcript abundance of different genes (e.g. among the five homologous GAD genes) was indirectly compared by using the copy number of each target transcript normalized as above.
Enzyme assays
For GABA-T assay, protein extraction was carried out in an extraction buffer containing 100 mM Tris-HCl (pH 8.0), 5 mM EDTA, 1.5 mM dithiothreitol (DTT), 100 mM phenylmethylsulfonyl fluoride (PMSF), 10 mg ml À1 leupeptin, 10% (v/v) glycerol. Three and 4 vols of the extraction buffer were added to shoot and root tissues, respectively, and the tissues were ground using an ice-cold mortar and pestle with a pinch of sand and polyvinylpolypyrrolidone (PVPP). After grinding the tissues, samples were centrifuged at 16,000Âg for 10 min to remove the cell debris, and the supernatant was used for the enzyme assay. The GABA-T activity was measured in a direction toward alanine/SSA or glutamate/SSA production by quantifying the amount of alanine or glutamate synthesized as described (Ansari et al. 2005) . In brief, using a small volume of the crude enzyme extracts (typically 25 ml), the GABA-T reaction was allowed to proceed in the assay mix containing 50 mM Tris-HCl (pH 8.0), 1.5 mM DTT, 0.75 mM EDTA, 0.1 mM pyridoxal-5-phosphate (PLP), 10% (v/v) glycerol, 16 mM GABA and 4 mM of either pyruvate or 2-oxoglutarate in a final volume of 500 ml. After the incubation at 308C for 1 h, sulfosalicylic acid was added to a final concentration of 4 mM to stop the reaction. To calculate GABA:pyruvate transaminase and GABA:2-oxoglutarate transaminase activities, the amount of alanine or glutamate synthesized was measured by enzyme-linked assays with alanine dehydrogenase (AlaDH) or glutamate dehydrogenase (GDH). The AlaDH assay was performed in the assay mix with 150 mM Tris-HCl (pH 9.0), 1.0 mM NAD þ and 0.02 U of Bacillus subtilis AlaDH (Sigma) on a 96-well plate. The increase in OD 340 was measured using the 96-well ELISA (enzyme-linked immunosorbent assay) plate reader (SpectroMAXþ) (Molecular Devices, Sunnyvale, CA, USA), and the amount of the synthesized alanine was determined by comparison with the samples containing the known concentrations of alanine. The GDH assay was done in the assay mix with 150 mM Tris-acetate (pH 8.5), 1.0 mM NAD þ , 0.2 mM ADP and 1.5 U of GDH on a 96-well plate. The increase in OD 340 was measured using the 96-well ELISA plate reader, and the amount of the synthesized glutamate was determined by comparison with the samples containing the known concentrations of glutamate.
For the GAD assay, enzyme extraction was carried out in an extraction buffer containing 100 mM Tris-HCl (pH 7.5), 1 mM EDTA, 1 mM PMSF, 10% (v/v) glycerol. Three and 6 vols. of the extraction buffer were added to shoot and root tissues, respectively. Grinding and centrifugation was performed as described above to prepare the crude enzyme extracts. The GAD reaction was allowed to proceed with a small volume of the enzyme extracts (typically 20 ml) in the assay mix with 150 mM potassium phosphate (pH 5.8), 0.1 mM PLP and 20 mM glutamate in a final volume of 200 ml. After the incubation at 308C for 1 h, perchloric acid was added to a final concentration of 0.6 M to stop the reaction, and the samples were neutralized immediately with 3 M KOH. To calculate GAD activity, the amount of GABA in the neutralized samples was measured by an enzyme-linked assay using Pseudomonas fluorescens GABase (Sigma) that catalyzes the conversion of GABA to SSA and then to succinate with a stoichiometric reduction of NADP þ . The GABase assay was performed in the assay mix with 75 mM potassium pyrophosphate (pH 8.6), 3.3 mM b-mercaptoethanol, 10 mM 2-oxoglutarate, 1.25 mM NADP þ , 0.016 U of GABase that had been dissolved in 75 mM potassium phosphate buffer with 25% (v/v) glycerol (pH 7.2) immediately before use. The increase in OD 340 was measured using the 96-well ELISA plate reader, and the amount of the synthesized GABA was determined by comparison with the samples containing the known concentrations of GABA.
Metabolite assays
Metabolite extractions were performed as described previously (Good and Muench 1993) . Harvested plant tissues were ground in 0.6 M perchloric acid using an ice-cold mortar and pestle with a pinch of sand. The perchloric acid extracts were neutralized with 3 M KOH and stored at À808C until used for the metabolite assays. The levels of GABA, alanine and glutamate were measured by GABase, AlaDH and GDH assays, respectively, as described above. Subsets of samples were also spiked with known amounts of metabolites to check the validity of the assays.
